ABSTRACT: Trehalose dihydrate is a nonreducing disaccharide which has generated great interest in the food and pharmaceutical industries. However, it is well recognized that considerable batch to batch variation exists for supposedly identical samples, particularly in terms of the thermal response. In this investigation, two standardized forms of trehalose dihydrate were generated using two distinct crystallization pathways. The two batches were characterized using scanning electron microscopy, X-ray powder diffraction, and FTIR. The thermal responses of the two forms were then studied using modulated temperature differential scanning calorimetry (MTDSC) and thermogravimetric analysis (TGA). In particular, we describe the technique of quasiisothermal MTDSC as a means of studying the change in equilibrium heat capacity as a function of temperature. Finally, variable temperature FTIR was utilized to assess the change in bonding configuration as a function of temperature. SEM revealed significant differences in the continuity and grain structure of the two batches. The TGA, MTDSC, and quasi-isothermal MTDSC studies all indicated significant differences in the thermal response and water loss profile. This was confirmed using variable temperature FTIR which indicated differences in bond reconfiguration as a function of temperature. We ascribe these differences to variations in the route by which water may leave the structure, possibly associated with grain size. The study has therefore demonstrated that chemically identical dihydrate forms may show significant differences in thermal response. We believe that this may assist in interpreting and hence controlling interbatch variation for this material.
■ INTRODUCTION
α,α-Trehalose dihydrate (α-D-glucopyranosyl, α-D-glucopyranoside) is a nonreducing disaccharide, consisting of two α,α units of glucopyranose linked together by an α,α-1↔1-glycosidic linkage. Water and trehalose molecules are held together within the crystal structure of this sugar hydrate by a complex hydrogen bond arrangement, whereby hydroxyl groups of trehalose molecules act as both bond donor and acceptor in the hydrogen bond network. 1 On an industrial scale, trehalose is mainly prepared by extraction from the yeast Saccharomyces cerevisiae, also known as Brewer's yeast. Both the food and pharmaceutical industries have a great interest in the crystalline forms of trehalose due to the use of this material as an excipient, particularly for the preservation of proteins and biological materials on processing. 2 Trehalose exists in several crystalline, anhydrous, and amorphous forms, with the interplay between these forms being the subject of considerable study and debate. A stable crystalline anhydrous form (T β ) and an unstable crystalline anhydrous form (T α ) were first identified. 3 The unstable crystalline anhydrous form, T α , is an isomorph desolvate of the stable dihydrate generated by gentle dehydration. 3 The dihydrate and T α share a reversible relationship, as when T α is exposed to moisture it readily reverts back to the dihydrate. Further anhydrous polymorphic forms generated from trehalose dihydrate (T k ) 4 and T ε 5 may also exist. A crystalline form (T γ ) has also been identified, 6 which is reported to be a "transient" crystalline metastable form of trehalose. This form is thought to comprise an anhydrous shell (T β ) and a dihydrate core on a particulate basis. 7 Finally, a new solid form of trehalose has recently been identified and characterized (T δ ). 8 This metastable form is generated from dehydration of the dihydrate at or below 100°C. It is generated concurrently with (T α ) and an amorphous form of trehalose.
Amorphous trehalose exists with a reported glass transition temperature (T g ) of ca. 120°C. De Giacomo 9 proposed the existence of two amorphous phases referred to as T am1 and T am2 . T am2 is a noncrystallizable amorphous phase said to be the undercooled liquid obtained from the melt of T β , while T am1 , a crystallizable amorphous phase, is said to be generated from the melt of T α . Figure 1 is a proposed schematic of trehalose crystalline anhydrous, hydrous, and amorphous forms, showing the interconversion between each form. [3] [4] [5] [6] 9 There is uncertainty as to how the physical (in particular thermal) and interconversion properties of trehalose correlate to its bioprotective properties. Reported thermal transitions of trehalose dihydrate appear to be dependent on confinement conditions, 10 including DSC pan type (closed pan, 11 pinholed, 12 and open-pan (with and without vacuum) 11, 13 ) and particle size. 14, 15 Depending on experimental conditions, the observed thermal response of trehalose dihydrate can give rise to the identification of an amorphous phase; one, two, or three endotherms; and/or a crystallization exotherm. In experiments where three endotherms have been observed, for example, in a study by McGarvey et al., 12 the first two low temperature endotherms have been attributed to the initial partial dehydration of the dihydrate resulting in a mixture of the T γ form and the stable anhydrate (T β ), then subsequent further dehydration of T γ resulting in the full formation of T β , which then melts at ca. 210°C. Three endotherms have also been observed in a study by Taylor and York, 14 where the first endotherm was ascribed to loss of water from the crystal lattice, the second to the melt of the T α (isomorph desolvate of the stable dihydrate produced after the dehydration of the dihydrate), and the third endotherm to the melt of the stable anhydrate T β (formed ca. 160−180°C but not always detectable in DSC studies). Macdonald and Johari 16 observed a single endotherm seen between 40 and 160°C and attributed this endotherm to several processes involving the decomposition of the dihydrate crystal resulting in molecular rearrangement, leading to the formation of the stable anhydrate followed by the reorganization of the molecules to an anhydrous form of trehalose.
Along with the above inconsistencies in observed thermal responses, it is well-known within the field that there is a significant issue with batch to batch variation with material obtained from different suppliers. This has been explored by Armstrong et al. 17 who studied three different α,α-trehalose dihydrate batches. Differences were identified in DSC traces at 10°C/min; one batch exhibited a recrystallization exotherm at 170°C which was absent in the other two batches and two out of the three batches saw a melting endotherm at ca. 215°C. 17 Polymorphism was not identified using X-ray powder diffraction techniques. Their results showed that while sample presentation and experimental conditions can influence the thermal response, the sample origin may also have an effect on the crystal texture and consequently the observed thermal response, which may persist after subsequent handling and processing. However, this remains an issue whereby further work would undoubtedly be of both scientific and practical value, not least because little published work is available on the subject. In this study, we attempt to understand the variations in observed thermal transitions of trehalose dihydrate by preparing two batches via well-defined crystallization processes. Both samples were characterized using thermal and spectroscopic techniques. In particular, we explore the use of quasiisothermal modulated temperature differential scanning calorimetry (quasi-isothermal MTDSC), a variant of modulated temperature DSC (MTDSC) whereby a sample is modulated at a series of defined temperatures for defined periods of time. This technique was developed by Wunderlich et al. 18 and has been used to characterize thermal transitions without the influence of heating rate, 19−26 including the study of polymorphic forms. 21, 22, 27 By using these thermal and spectroscopic techniques in conjunction, we intend to identify the characteristics that may be associated with variations in thermal response and as far as possible to relate them to the fundamental structure of the two batches of trehalose dihydrate.
■ MATERIALS AND METHODS
Materials. α,α-Trehalose dihydrate (stated purity of ≥99%) and sodium chloride were both obtained from Sigma-Aldrich, Poole, U.K. Samples were prepared by two methods.
Method I. α,α-Trehalose Dihydrate Crystals Generated By Slow Evaporation of a 46.6%w/w Saturated Solution. Crystals were generated by preparing a saturated trehalose solution (46.6%w/w, the solubility of trehalose dihydrate at 20°C). 28 46.6 g of trehalose dihydrate (calculated as anhydrous) was dissolved in 100 g of distilled (filtered 0.45 μm) distilled water. The solution was left to recrystallize by slow evaporation at room temperature. For ease of referencing, these samples will now be referred to as T h1 . This method has been used successfully to generate large single trehalose dihydrate crystals. 13, 29 Method II. α,α-Trehalose Dihydrate Crystals Generated By Exposure of Amorphous Trehalose to 75%RH at Room Temperature. Based on preliminary water sorption studies on amorphous trehalose using dynamic vapor sorption (DVS) (data not shown), freshly prepared amorphous trehalose samples generated by spray drying from a 10% w/v aqueous trehalose solution (with a normal particle size distribution of 5−45 μm, confirmed amorphous by powder X-ray diffraction), were exposed to 75%RH (using a saturated sodium chloride solution stored at room temperature) for 12 hours to ensure full crystallization. For ease of referencing, these samples will now be referred as T h2 .
Scanning Electron Microscopy. Particle morphology was evaluated using a Scanning Electroscope JEOL JSM 5900LV. In order to improve conductivity, samples were coated with gold under vacuum SC7640 Gold Sputter Coater, 30 s, 2.2 kV, 25 mA, on the rotating stage, Quorum Technologies. All micrographs were taken at an acceleration voltage of 20 kV.
Particle Size Analysis. Particle size analysis was performed using a Sympactec laser particle sizer with a HELOS/Br detector. The liquid medium used was rapeseed oil. Two minute dispersion at 1000 rpm was imposed at the start of each experiment and then three measurements were taken with each sample monitored for 10 s. A measuring range of 0.1−875 μm was used. Data was exported and analyzed using OriginPro 9.0.0, Northampton, MA, USA.
X-ray Powder Diffraction. Ambient X-ray powder diffraction (XRPD) measurements were performed using a Thermo-Arl-Xtra with a Cu-X-ray tube. The X-ray tube was operated at 45 kV and 40 mA. Samples were lightly pressed into an aluminum sample tray using a glass slide and exposed to Cu Kα radiation (λ = 1.540562 nm). XRPD patterns were recorded using diffraction angles (2θ) from 10°to 60°( step size, 0.01°; time per step, 0.5 s). Data was exported and analyzed using OriginPro 9.0.0. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy. Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FTIR) measurements were performed using a Bruker IFS66/SG spectrometer. Experiments were performed using the following parameters: Resolution 4 cm −1 , scan count was 16 scans (also for background) over 4000 cm −1 to 500 cm −1 at 30°C. Spectra were analyzed using Opus software version 6.0 and OriginPro 9.0.0. Variable temperature ATR-FTIR experiments were conducted using the parameters mentioned above by connecting a temperature controller to the diamond ATR top plate. Samples were heated from 30 to 198°C with an applied heating rate of 2°C/min and spectra were obtained at 1 min intervals. Spectral data obtained from variable temperature ATR-FTIR studies was analyzed using Pirouette Multivariate Data Analysis Software (v 4, Infometrix Inc.). All experiments were conducted in triplicate.
Differential Scanning Calorimetry. All differential scanning calorimetry (DSC) studies were conducted using a TA Instruments Q2000 (Newcastle, DE, U.S.) with a refrigerated cooling system attached at a dry nitrogen sample purge flow at 50 mL/min. Calibrations were performed using indium, n-octadecane, and tin; heat capacity constant calibration was performed using aluminum oxide TA sapphire discs at 0.5, 1, and 2°C/min with ±0.212°C modulation amplitude and 60 s period. All DSC experiments and calibrations were performed using a PerkinElmer 40 μL, 0.15 mm aluminum pan with an accompanying aluminum 0.05 mm lid with and without pinholes. Pans were crimped using a PerkinElmer Universal Crimper Press. Conventional DSC experiments were conducted at 0.5, 1, 2, 20, 50, and 100°C/min. All experiments were conducted in triplicate.
Quasi-isothermal MTDSC involves the application of a series of oscillating heating signals at successive temperatures for time periods specified by the operator. This allows observation of time dependent responses as well as reducing the heating rate dependence of the response to a minimum due to the measurements being conducted under a series of near-isothermal conditions. In particular, the reversing heat flow (which is itself directly related to heat capacity) may be measured as a function of both temperature and time. In this manner, subtle and time-dependent changes in structure may be observed. Data may be presented as reversing heat flow as a function of time at a series of temperatures, or alternatively may be present as Lissajous figures   18 whereby the modulated heat flow may be plotted against the derivative modulated temperature, thereby allowing each oscillation to be visualized as an ellipse with axes representing the heat capacity and phase difference of the response. This in turn allows subtle changes in response to be visualized by superimposing successive ellipses taken during the period of isothermal study.
Experiments were conducted at a temperature modulation of ±1°C and a period of 60 s with 2°C increments from 80 to 160°C, remaining isothermal at each increase for 20 min (5 min equilibration time, followed by 15 min measurement). All experiments were repeated at least twice with excellent reproducibility noted. Sample weights for all DSC experiments were 1−2 mg. All data obtained was analyzed using Both samples appeared to be irregularly shaped with minimal aggregation. T h1 particles possessed angular, defined edges while T h2 particles possessed smooth edges. T h2 samples, however, appeared to be polycrystalline in nature, being composed of compounded crystalline structures with an approximate diameter of 50−100 μm, while T h1 appeared to be internally continuous. We suggest that this reflects the two different production methods, with T h1 being generated via slow crystallization to an effectively single crystal structure while T h2 is generated via multiple nucleation from the amorphous state, leading to numerous coincident crystallites.
Particle size analysis was conducted on both samples using laser particle diffraction (Figure 3) . T h1 particles displayed a bimodal distribution, with particle size ranging between 68 and 196 μm and a smaller fraction which were ca. 1.5 μm in size. T h2 particles showed a normal distribution with particles ranging from 1.5 to 280 μm. It is noted that the two distributions are of the same order of magnitude, hence it is reasonable to suggest that the surface area/volume ratio for the two batches will be similar.
XRPD diffraction patterns for T h1 and T h2 ( Figure 4 ) confirmed that both samples were crystalline. Both forms displayed characteristic diffraction peaks for trehalose dihydrate (confirmed by XRPD diffraction peaks obtained from crystal structures of trehalose dihydrate in the Cambridge Structural Database (CSD)) where peaks of 2θ 23.81°(T h1 ), 23.96°(T h2 ) and 15.08°(T h1 ), 15.50°(T h2 ) and a smaller peak of 2θ 8.69°( T h1 ) and 8.92°(T h2 ) were identified. Though characteristic peaks for trehalose dihydrate were identified, the diffraction patterns for T h1 and T h2 differed in terms of the relative intensity of the peaks. Possible explanations for the differences in diffraction patterns for both samples may be as a result of their differences in crystal shape and internal structure. Furthermore, changes in the X-ray diffraction pattern of trehalose dihydrate in the form of changes in peak width have been identified and have been attributed to microstructural changes due to crystallite size reduction and lattice deformations induced by milling during sample preparation. 30 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). ATR-FTIR spectra of trehalose dihydrate are characterized by relatively sharp absorption bands throughout the mid-IR region from 4000 to 900 cm , and 1000−800 cm −1 (see Table 1 for band assignments). These results show that although samples were generated via different methods, the resulting hydrogen bond arrangement (confirmed by ATR-FTIR results) were identical, thereby further confirming the identity of the two samples.
Effect of Pan Type on Thermal Response: Conventional DSC. The influence of pan type on the resultant thermal response of α,α-trehalose dihydrate (as well as the corresponding amorphous form) 12 is well documented. [10] [11] [12] [13] 38 In this study, the influence of pan type on the thermal behavior of both T h1 and T h2 was explored by conducting conventional DSC studies using pinholed and closed (i.e., crimped) pan systems. Figure 6a illustrates the heating response for T h1 DSC studies conducted at 2°C/min using pinholed and closed pan systems. Pinholed experiments (solid line) saw a single endotherm at 97.2°C (185.5 J/g) (similar to that identified previously by 
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Article similar to those observed by Shafizad and Susott 11 who, on heating trehalose dihydrate using closed pan systems, observed two sharp endotherms at 100 and 215°C in their DSC studies. The first endotherm was attributed to the melt of the dihydrate and simultaneous formation of anhydrous crystals which melted at 215°C. Figure 6b shows the heating response for T h2 samples. Pinholed experiments saw three different endotherms (similar to those identified by McGarvey et al. 12 ) at 92.6°C (144.5 J/g), 104.9°C (32.4 J/g), and 209.8°C (74.8 J/g). Closed pan experiments under the same experimental conditions saw two endotherms at 94.6°C (119.8 J/g) and 215.2°C (92.4 J/g), respectively. A crystallization exotherm was observed immediately after the first endotherm at 101.2°C (31.7 J/g). In the literature, 5,10,11 this crystallization event (thought to be that of the stable anhydrate, T β which later melts at 215°C) has been identified between 160 and 180°C. The results presented in this study are in partial agreement with previous work, 5,10,11 the difference being that in this study, a crystallization exotherm was observed at ca. 100°C.
Taken together, these data indicate first of all that the two batches show markedly different thermal responses.
While overinterpretation of the peaks based on this data alone would not be appropriate, it is reasonable to suggest, based on reported literature, [3] [4] [5] [6] 9 that the T h1 sample shows dehydration and melting, albeit with evidence of subsequent recrystallization to the stable anhydrate (T β ) for the closed pan systems, while T h2 shows the formation of an intermediate (T γ ) which subsequently recrystallizes into the more stable solid anhydrate (T β ) which subsequently melts. It is well-known that the use of a closed pan system results in suppression of crystal water evaporation in the pan, therefore altering the equilibrium of the dehydration or evaporation process. 11, 38, 39 We suggest that the differences observed in this data set between the two batches may also be associated with the ease by which water may leave the sample, this being more a function of the differences in egress from the two powders themselves rather than the pan closure.
Thermogravimetric Analysis (TGA). TGA weight loss profiles (using pinholed pans) for T h1 and T h2 are shown in Figure 7a and b. Clear differences were observed between the two samples; these processes are shown in the derivative signal for clarity of events. No weight loss was evident below ca. 70°C in both T h1 and T h2 samples. For T h1 samples, a weight loss of 9.6% was observed between 70 and 200°C, while for T h2 samples, a weight loss of 9.6% was observed between 70 and 130°C. All weight losses compared well within the limits to the expected 9.5% which equates to two molecules of water per molecule of trehalose.
There were, however, more marked differences in the temperature ranges over which the weight loss took place. T h1 samples displayed an initial weight loss from ca. 70 to 110°C (∼2%); this was followed by a second, more gradual decrease in weight from 110 to 200°C (∼7.6%). In contrast, T h2 samples demonstrated two distinct weight loss events (prior to the event at 230°C which we ascribe to degradation) occurring at 70°C (∼2.6%)and 105°C (∼7%). It is apparent from these results that the rate of weight loss occurring in T h2 samples is most rapid over the temperature range corresponding to the endotherms identified in DSC studies between 90 and 125°C, linking them to the dehydration of the dihydrate crystal. There is clearly a question regarding how the DSC endotherms and the TGA weight loss profiles correspond, given the differences in experimental conditions. The sharpness of the DSC peaks would indicate structural breakdown which triggers, rather than represents, the water loss process which is energetically lower than the breaking of solid−solid bonds. Overall, the results clearly support the hypothesis that the two batches demonstrate significant differences in water egress profiles.
Previous work conducted by Mallet et al. 40 on large trehalose single crystals observed the nucleation and growth of vacuoles within these crystals using optical thermomicroscopy. Studies of trehalose single crystal dehydration (generated in the same manner as T h1 ) by Berton et al. 29 confirmed the formation of vacuoles which occurred in the immediate vicinity of macroscopic crystal defects. On heating the crystals at 1 K/min from 90 to 120°C (actual vacuole formation appeared to occur ∼102°C), the authors observed the simultaneous progressive disappearance of these defects and the growth of the vacuoles which varied in diameter per crystal (10−200 μm) which were stable up to 200°C. 29 Taking these observations into account, the more polycrystalline, and hence defect-rich, nature of T h2 may be facilitating vacuole formation, leading to a facilitation of water loss and hence a more narrow temperature range over which water loss occurs.
Hot-Stage Microscopy (HSM). HSM studies were conducted on T h1 and T h2 samples at 2°/min, 30 to 250°C, images are shown in Figures 8 and 9 , respectively. T h1 crystals were colored and showed birefringence at 30°C (Figure 8) . A change in birefringence was observed on heating commencing at ∼85°C, continuing to ∼100°C with crystals appearing darker and becoming more opaque (no melting observed) as observed in previous HSM studies of trehalose dihydrate and has been referred to as 'internal crystal modification'. 6, 41 It has been proposed by Taylor and York 41 that the presence of bubbles below the crystal surface (which was seen in this study as crystals becoming darker) with increasing temperature suggests an impermeable layer of anhydrate formed around the bulk of the crystal, impeding water loss until the pressure generated by liberated hydrate water is sufficient to erupt through this layer. Further heating of T h1 resulted in crystal melting, initiated at 118°C in some crystals, with complete dissolution of all at 145°C. Sussich et al. 6 have suggested that Figure 9 . HSM images captured at specific temperatures forT h2 sample heated at 2°C/min.
Crystal Growth & Design the melting of trehalose dihydrate (due to dehydration) produces an amorphous trehalose liquid which, on further heating, softens as the temperature exceeds its glass transition. 41 Further heating of T h1 resulted in the production of small needle-like crystals, from 166 to 206°C, which subsequently melted at 209°C. Heating the T h2 samples ( Figure 9 ) resulted in crystal melting (similar to T h1 ), starting at 135°C in some crystals with complete dissolution of all crystals at 190°C. However, crystallization at high temperatures was not observed.
Effect of Heating Rate on Thermal Response using Conventional DSC. Both T h1 and T h2 were subjected to conventional DSC experiments using pinholed pans conducted at 2, 20, 50, and 100°C/min (Figure 10) . At high heating rates (i.e., 50 and 100°C/min) experiments were not performed over 250°C due to instrument limitations and cell contamination risks. DSC studies of T h1 at 2°C/min identified a single endotherm at 97.2°C (185.5 J/g) (Figure 10a ). At 20°C/min, however, three endotherms were observed at 99.6°C (124.5 J/g), 125.0°C (76.2 J/g), and 208.4°C (55.6 J/g). Two endotherms were observed at 50°C/min and 100°C/min at 101.30°C (124.5 J/g), 132.52°C (75.8 J/g) and 106.8°C (76.5 J/g), 134.40°C (57.0/g) respectively. Three endotherms were observed in T h2 DSC studies conducted at 2, 20, 50, and 100°C/min (Figure 10b) . The onset temperatures appeared to shift with increasing heating rate for the first two endotherms, but not for the third endotherm which remained relatively constant at ca. 210°C. Overall, the use of higher heating rates reduced the differences between the two samples, with both showing a double endotherm which has been previously associated with either the partial dehydration of the dihydrate followed by either further dehydration of T γ 12 or the melt of the isomorph desolvate T α , 14 with both events resulting in the melt of the stable anhydrate T β (formed ca. 160−180°C but not always detectable in DSC studies).
Slow heating conventional DSC studies using pinholed pans were conducted on T h1 and T h2 at 0.5, 1, and 2°C/min with a focus on the first transitions seen as either one endotherm or two endotherms. A single endothermic peak ( Figure 11 ) invariant with heating rate was observed at ca. 96°C. T h2 samples saw two broad low-temperature endothermic peaks also invariant with heating rate. The first endotherm was observed at 92.8°C (142.0 J/g) (0.5°C/min), 93.2°C (141.9 J/g) (1°C/min), and 95.1°C (124.5 J/g) (2°C/min) and appeared to shift slightly with increasing heating rate. The second endotherm was seen at ca. 102°C.
Overall, the data have demonstrated that the differences between the two batches are seen most clearly at lower heating rates. While specific interpretation of all peaks is not possible, one may reasonably suggest that T h2 shows a more complex thermal profile, particularly at slower heating rates, which suggests a greater range of transformation processes.
Quasi-Isothermal MTDSC: Heat Capacity Measurements. Quasi-isothermal MTDSC not only allows the equilibrium (or at least close to equilibrium) state of the system as a function of temperature to be observed, but also facilitates observation of the process by which that equilibrium is reached. 20 The temperature range at which the heat capacity alters significantly through a transition, indicating a kinetic component to the event can clearly be observed. Alternatively, the method allows the operator to monitor kinetic events by observing the change in reversing heat capacity as a function of time. 20 In this study, quasi-isothermal MTDSC studies were conducted from 80 to 140°C to characterize the transitions occurring within this temperature range without the influence of heating rate as observed in conventional DSC studies using fast and slow heating rates. A typical quasi-isothermal MTDSC trace for T h1 and T h2 showing the reversing heat capacity signal as a function of time is shown in Figure 12a . In both samples, between 80 and 100°C, a discontinuity in the baseline was observed which appeared to be more complex in T h2 samples. T h1 , however, showed a sudden increase in heat capacity at 96°C suggestive of liquefaction. On further heating, evidence of slow solidification or slow crystallization was observed in both samples as confirmed by a decrease in the heat capacity. The final increase in heat capacity observed at ca. 120°C in both samples suggests liquefaction, possibly of the solid form generated previously.
The data may also be expressed in terms of Lissajous figures (modulated heat flow as a function of time derivative of modulated temperature). Examples are plotted for T h1 at 80 and 96°C (Figure 12b ) in order to analyze and draw conclusions from any changes observed compared with that observed in the reversing heat capacity signal. 80°C was chosen as it was assumed (based on earlier findings) that at this temperature no thermal events occurred, while there may be time dependent events observed at 96°C.
Both the axes of the Lissajous figures changed from 80 to 96°C, reflecting changes in the heat capacity and phase angle of the response. Moreover, for the 96°C sample there was clear time dependence, as indicated by the nonsuperimposition of the ellipses. The observed alterations in both heat capacity and time-dependence on holding temperature may reflect both changes in the water content of the system and alterations to the underlying crystal structure, both of which will result in changes to the heat capacity of the system.
Overall, therefore, the quasi-isothermal results are compatible with the DSC data in that they indicate a single major event for T h1 samples while T h2 shows a more complex reversing heat flow profile over a wide temperature range. Furthermore, Lissajous analysis indicates time dependence of the response for T h1 at the beginning of the main thermal event, reflecting a decrease in heat capacity. We suggest that this is likely to reflect primarily water loss, as evidenced by both the time dependence of the response and the decrease in heat capacity, reflecting a reduction of the degrees of freedom within the system.
Variable Temperature Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (Variable Temperature ATR-FTIR). In order to support the observations obtained via scanning thermal methods, FTIR studies were also conducted at a range of temperatures in order to identify structural changes to the samples on heating. Chemometric analysis (defined as applying multivariate statistical analysis techniques to chemical data 42 ) was used in this study as a pattern recognition tool to distinguish between groups of spectra obtained during variable temperature ATR-FTIR studies. More specifically, hierarchical cluster analysis (HCA) and principle component analysis (PCA) were used to identify spectral changes occurring with increasing temperature which could be attributed to structural changes occurring in samples. HCA calculates and compares distances in spectral hyperspace between samples (or variables) in a data set. Data is presented as a dendrogram, where the length of a branch connecting two clusters relates to the similarity of the leaves within that cluster. The similarity is plotted on the top of the dendrogram, and a similarity value of 1 is assigned to identical samples while a value of 0 is assigned to the most dissimilar samples. A vertical line seen in a HCA dendrogram corresponds to the similarity value and partitions the dendrogram into distinguishable clusters.
PCA is a powerful visualization tool useful in variable temperature ATR-FTIR that finds linear combinations of original independent variables which account for maximal amounts of variation. 43 Scores analysis can be used to illustrate intersample relationships. Data is plotted as a two-dimensional (2D) scatter plot with a confidence ellipse superimposed. This ellipse represents a 95% confidence level derived from the score variance and is centered at the origin of the two score dimensions. In this study, all data points fell within the 95% confidence level (data not shown).
Variable temperature ATR-FTIR experiments were conducted on T h1 and T h2 samples at 2°C/min from 30 to 198°C (heating higher than 200°C was not possible with the heating plate used); spectra were obtained at 1 min intervals. Figure 13a and b shows the variable temperature ATR-FTIR spectra of T h1 and T h2 showing two and three clusters as identified in HCA data (also shown), respectively. 
In T h1 experiments (Figure 13a ), the HCA dendrogram identified two clusters with a relatively low similarity value of approximately 0.3 indicating that samples identified within these clusters were relatively dissimilar. Analysis of the spectra showed that from 30 to 116°C (depicted in red) T h1 was crystalline as characterized by sharp absorption bands. At 118°C spectra (depicted in black) changed and exhibited broad features which are an indication of a wide range of hydrogen bond lengths and orientations within the sample characteristic of an amorphous form. No further changes in the spectra were observed between 118 and 198°C.
In T h2 experiments (Figure 13b ), the HCA dendrogram identified three clusters with a relatively low similarity value of approximately 0.22 indicating that samples identified within these clusters were comparatively dissimilar. Analysis of spectra obtained showed that from 30 to 116°C (depicted in red) T h2 was crystalline as characterized by sharp absorption bands in a similar trend to T h1 samples. According to HCA, while still appearing to be crystalline in nature, the spectra obtained from 118 to 134°C (depicted in green) differed from the spectra obtained from 30 to 116°C (depicted in black). Finally, the spectra obtained from 136 to 198°C exhibited broad features characteristic of an amorphous material (depicted in black).
Comparing the band assignments obtained to those in the literature, more specifically, in Raman and FTIR spectroscopy studies conducted on trehalose dihydrate by Gil et al. 35 and Dupray et al., 13 spectra obtained at 124°C in T h2 samples showed characteristic bands of both the stable anhydrate (T β ) and the isomorphic desolvate (T α ) (Form II and Form III, 35 respectively). Figure SI1 shows spectra obtained at 30, 118, 120, 124, and 130−138°C (at 2°C/min), while Table SI1 details the band assignment for T h2 variable temperature ATR-FTIR spectra obtained at 124°C for clarity.
Overall, Figures 12 and 13 clearly highlight spectral changes which occur on heating of both T h1 and T h2 . The removal of the crystal water has great influence on the conformation and motional states of both samples as confirmed by the spectral changes observed at 118°C. More specifically, further analysis of T h2 spectra at 124°C suggest that, on heating, T h2 samples undergo structural rearrangement from the dihydrate to another crystalline material, which our ATR-FTIR data suggests to be a mixture of the stable and unstable anhydrate. This material undergoes amorphization at the lower temperatures. In contrast, T h1 samples on heating undergo amorphization; however, further crystallization events are not observed on heating at higher temperatures. 
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■ DISCUSSION
The study has indicated that the generation of trehalose dihydrate via two routes (solvent evaporation and recrystallization from the amorphous state) results in material that is chemically and, from the viewpoint of unit cell structure, physically identical but which shows marked differences in both microstructure and thermal response. In terms of microstructure, the material recrystallized from the amorphous state (T h2 ) showed a granular or defect-ridden appearance which we ascribe to the multiple nucleation associated with the recrystallization process, while the solvent-derived material (T h1 ) shows a more continuous structure which we suggest reflects more growth rather than nucleation-dominated solidification process. In terms of the thermal response, examination of different scanning rates and pan types using DSC showed marked differences in endothermic and recrystallization profiles which may be related to previous work whereby the multiple peaks of individual batches have been studied, but the key to this study is the observation of differences in the water egress temperature range noted using TGA. In particular, the broader temperature range of water loss (but not weight loss total) for T h1 is, we suggest, a reflection of the absence of multiple pathways for water loss from the continuous crystal structure. This hypothesis is supported by quasi-isothermal MTDSC which showed marked differences in heat capacity change with temperature for the two batches and with variable temperature ATR-FTIR which showed differences in temperature dependence of bond reconfiguration.
Overall, our study suggests that one possible mechanism for interbatch variation in trehalose dihydrate is differences in microstructure which in turn result in differences in water egress profiles. While it would not be appropriate to claim from these results alone that the frequently observed differences in behavior are solely due to this effect, it is noteworthy that the hypothesis does account for many of the observed interbatch incongruities such as the difficulty in establishing any difference between batches under ambient conditions, with differences manifesting on heating only.
■ CONCLUSION
In this study, two standardized forms of trehalose dihydrate were generated by distinct methods in order to explore the mechanisms associated with interbatch variation. It was noted that the two routes resulted in differences in microstructure, with one batch (T h2 ) showing a discontinuous formation with a granular or defect-ridden appearance, while the other (T h1 ) showed a more continuous structure. Thermal studies indicated that the DSC traces differed considerably, as has been previously noted for different batches, while studies on water loss patterns as a function of temperature indicated that there were significant differences in the ease of egress, with T h2 showing weight loss over a much more narrow temperature range even though the total amount of water lost was the same for both batches. We introduce the technique of quasi-isothermal MTDSC within the field, which again showed marked differences in temperature dependent heat capacity which we ascribe to differences in water loss profiles. Variable temperature ATR FTIR spectroscopy indicated differences in temperature-dependent bond profiles commensurate with differing water release characteristics. Overall, the study has shown that the differences in the two batches generated may be ascribed to differences in water loss profiles which we suggest is associated with microstructure, with the granular structure of T h2 facilitating water loss more than the more structurally continuous T h1 . Variable temperature ATR-FTIR spectra ( Figure SI1 ) and band assignment (Table SI1) 
